In this Letter we investigate the role of recombination energy during a common envelope event. We confirm that taking this energy into account helps to avoid the formation of the circumbinary envelope commonly found in previous studies. For the first time, we can model a complete common envelope event, with a clean compact double white dwarf binary system formed at the end. The resulting binary orbit is almost perfectly circular. In addition to considering recombination energy, we also show that between 1/4 and 1/2 of the released orbital energy is taken away by the ejected material. We apply this new method to the case of the double-white dwarf system WD 1101+364, and we find that the progenitor system at the start of the common envelope event consisted of a ∼ 1.5M ⊙ red giant star in a ∼ 30 day orbit with a white dwarf companion.
INTRODUCTION
The formation of a compact binary system composed of two white dwarfs (WDs) is widely accepted to include a common envelope event (CEE), at least during the last episode of mass exchange between the first-formed WD and a low-mass red giant (RG). Lowmass RGs have a well-defined relation between their core masses and radii, providing for DWDs the best-defined state of a progenitor binary system at the onset of the CEE among all known types of post-common envelope (CE) systems. As a result, DWD systems have served extensively as test-sites for attempts to understand the physics of CEEs, using both population synthesis approaches and hydrodynamical methods.
Previous attempts to model a CEE between a low-mass RG and a WD did not succeed to eject the entire CE during threedimensional (3D) hydrodynamical simulations (for most recent studies, see Passy et al. 2012; Ricker & Taam 2012) . The final state of these simulations is that a significant fraction of the expanded envelope remains bound to the formed binary, forming a so-called circumbinary envelope. Then almost no energy transfer can take place from the binary orbit to that circumbinary envelope. Observationally, no circumbinary disk in a post-common envelope system has been found so far.
It has been proposed long ago that recombination energy of hydrogen and helium should play a role during a CEE (Lucy 1967; Roxburgh 1967; Paczyński & Ziółkowski 1968; Han et al. 1994 Han et al. , 2002 . However, until now, this energy was not yet taken into account in 3D modeling. While the initially available recombination energy can be easily comparable to the binding energy of the remaining bound envelope (e.g. Passy et al. 2012) , the important ⋆ E-mail: avendaon@ualberta.ca (JLAN) question is when and where the energy is released -to be useful, recombination energy should not be released too early in the CEE nor in material already ejected, but instead in the circumbinary envelope at a time when the recombination energy is comparable to the binding energy of the not-yet ejected material. In this Letter, we investigate if the inclusion of recombination energy can help to remove the circumbinary envelope. We apply the new approach to the system WD 1101+364, a well-measured DWD that has P orb = 0.145 d and a mass ratio of q = M 1 /M 2 = 0.87 ± 0.03, where M 1 ≃ 0.31M ⊙ and M 2 ≃ 0.36M ⊙ are the masses of the younger and older WDs, respectively (Marsh 1995) .
INITIAL SET UP AND DEFINITIONS
We anticipate that the progenitor of WD 1101+364 was a lowmass RG that had a degenerate core of 0.31M ⊙ . We consider the range of masses for the RG donor, M d,1 , from 1.0M ⊙ to 1.8M ⊙ . To evolve the RG and find the initial one-dimensional (1D) stellar profile, we use TWIN/Star stellar code (recent updates described in Glebbeek et al. 2008) . The stars are evolved until their degenerate He cores have grown close to 0.31M ⊙ .
For 3D simulations, we use StarSmasher (Gaburov et al. 2010; Lombardi et al. 2011 ), a Smoothed Particle Hydrodynamics (SPH) code. Technical details on using this code to treat CE events can be found in Nandez et al. (2014) . A 1D stellar profile is imported to StarSmasher, where an initial stellar model represented by a certain number of particles N p is generated via a relaxation process. The core of a RG is modeled as a point mass -a special particle in SPH that interacts only gravitationally with other particles. Because the centre of the giant is not fully resolved, the core mass, M c,1 , is slightly more than in the 1D code (see Table Table 1 . Initial conditions The models names are composed as following: two digits representing the RG mass are followed by "RG", η value is is outermost smoothing length; then "N" stands for non-synchronized and "S" for synchronized ("S") cases. "P" denotes the model with about twice larger number of particles than in all the other models. M d,1 , M env,1 and M c,1 are the total, envelope and core mass of the RG, in M ⊙ . R rlof is the radius of the donor Roche lobe, in R ⊙ , and η describes the adopted donor's radius definition (see §2). a orb,ini is the initial orbital separation in R ⊙ , P orb,ini is the initial orbital period in days. N p is the total number of SPH particles that represent the RG. E bind , E rec , E orb,ini and E tot,ini are the binding energy of the RG envelope without recombination energy, the total recombination energy of the RG envelope, initial orbital energy, and initial total energy , defined as the sum of the binding, recombination, and initial orbital energies, respectively, in the units of 10 46 erg. λ is a star structure parameter (see Equation 3 ).
1 for this and other initial values). This ensures a proper matching of stellar profiles of 3D envelopes with 1D stellar profiles. The envelope mass in a 3D star is
In a 3D star, the radius of the star, R SPH , can not be defined as uniquely as the photospheric radius of the 1D star (for a thorough discussion, see Nandez et al. 2014) . The stellar radius can be parameterized as R SPH = R out + ηh out , where R out is the position of the outermost particle and h out is the smoothing length of that particle. The parameter η can range between 0 (in this case, some mass will be found above R SPH ) to 2 (with all mass contained within R SPH ). In addition, we note that a synchronized giant is expected to attain a larger radius after relaxation than a non-synchronized giant.
The initial orbital separation, a orb,ini , for the non-synchronized cases, is found from the assumption that R SPH is equal to the Roche lobe (RL) overflow radius, R rlof , and using the approximation by Eggleton (1983) . The initial orbital period, P orb,ini is found assuming a Keplerian orbit. For the synchronized cases, the orbital period and separation are found at the moment when the RG overflows its Roche lobe (see §2.3 of Lombardi et al. 2011) .
Equations of state (EOS). The standard EOS (SEOS) in
StarSmasher is analytical and includes radiation pressure and ideal gas contributions. To take into account recombination energy, we need another prescription for the EOS. Because we evolve the specific internal energy u i and density ρ i for each particle (among other variables), we prefer an EOS that uses u i and ρ i as independent variables. However, such an analytical expression does not exist in simple form when we consider recombination/ionization of atoms. Therefore, we are bound to use a tabulated EOS (TEOS) which uses u i and ρ i to provide the gas pressure P gas,i , temperature T i , specific entropy s i , etc.
We use the MESA-EOS module to calculate such tables (see §4.2 of Paxton et al. 2011) . The core of a RG is modeled as a point mass, and the rest of the star has uniform composition. Hence, only one table with a single set of composition for H, He, and metals needs to be generated for each RG. The tables that we generate operate in 9.84 log u[erg g −1 ] 19.0 and −14 log ρ[g cm −3 ] 3.8. When a particle has a density or specific internal energy outside the limits of our tables, we switch to the SEOS.
Energy formalism. The energy formalism compares the donor's envelope binding energy E bind with the orbital energy before, E orb,ini , and after the CEE, E orb,fin (Webbink 1984; Livio & Soker 1988 ):
Here α bind is the fraction of the released orbital energy used to expel the CE, 0 α bind 1. The binding energy of the donor's envelope, in its standard definition, is
where m i , T i , ρ i , φ i and µ i are the mass, temperature, density, specific gravitational potential energy, and mean molecular mass, respectively, for each particle i. The constants k, a, and m H are the Boltzmann constant, radiation constant, and hydrogen atom mass, respectively, while φ i is calculated as in Hernquist & Katz (1989) .
Note that E bind in its standard definition does not include recombination energy. The binding energy of the donor's envelope is frequently parameterized using a parameter λ , defined as (de Kool 1990)
Here G is the gravitational constant. For low-mass giants, λ is known to have a value close to one, and we obtain similar results. We find the orbital energy of the binary system according to
where
is the reduced mass, and V 12 = V 1 − V 2 is the relative velocity of the two stars. The first term gives the orbital kinetic energy. The second term is the total gravitational energy of the binary, with the sum being over all particles i in the binary. The third and fourth terms correspond to the removal of the self-gravitational energy of the donor (the sum being over particles j in star 1) and of the WD (the sum being over particles k in star 2, initially only the WD), respectively: the remaining gravitational energy is then just the orbital contribution. Recombination energy. In our treatment, the internal energy provided by the TEOS includes contributions from ideal gas, radiation, and the recombination energy for H, He, C, O, N, Ne, and Mg (see §4.2 of Paxton et al. 2011) . The recombination energy can be extracted as
where u i is the SPH specific internal energy of particle i. Values of E rec , as expected, scale well with the mass of the envelope. Note that here we introduce important new parameter, α rec -the ratio between the recombination energy and the released orbital energy. Total energy. The initial total available energy, E tot,ini , is
This quantity is conserved during the evolution of all our models. Bound and unbound material. For each particle, its total energy is defined as E tot,i ≡ 0.5m i v 2 i + m i φ i + m i u i , where the first, second and third terms are the kinetic, potential, and internal energies, respectively. If the particle has negative total energy, it is bound to the binary. In this case, if the particle is located outside of either RL, the particle is in the circumbinary region. Accordingly, we classify the particles to be in (i) the ejecta, m unb -the particles with positive energy, (ii) the circumbinary, m cir -the matter bound to the binary but outside of the two RLs, and (iii) binary, m bin -the particles are inside either of the two RLs.
The total energy of the unbound material at infinity is computed when the unbound mass is in a steady state after the CEE:
Here we introduce α ∞ unb -the energy taken away by the unbound material in units of the released orbital energy. Note that in the standard energy formalism this quantity is always assumed to be zero.
Angular momentum budget. We calculate the orbital angular momentum
where R 12 = R 1 − R 2 is the displacement from star 2 to star 1. We note that the magnitude J orb = |J orb,z |, where the z-direction is perpendicular to the orbital plane. An outcome of a CEE can be characterized by how much orbital angular momentum is lost. We provide the γ-parameter (Nelemans et al. 2000; Nelemans & Tout 2005) as a way of quantifying angular momentum loss in our simulations:
FORMATION OF A DWD THROUGH A CEE
Comparison between the two EOSs. We compare the results of simulations with our two different EOSs using the model 1.5RG2N. In both cases, the initial relaxed stars have SPH profiles that match very well the 1D stellar profiles for pressure, density, and gravitational potential. However, this is not the case for the specific internal energy u (see Figure 1) : clearly only the TEOS model matches the desired 1D stellar profile. As expected, the mismatch between the relaxed profile with SEOS and the stellar one is indeed due to neglecting recombination energy. We find that the SEOS fails to unbind the envelope in our CE simulations. Only about 50% of the envelope becomes unbound: the circumbinary matter does not interact with the formed binary at all, making it impossible to eject the entire envelope. This result is consistent with the findings of previous studies (Passy et al. 2012; Ricker & Taam 2012) . On the other hand, the TEOS simulation clearly makes use of the recombination energy and ejects the envelope entirely. For all other models presented in the Letter, we use the TEOS.
Masses. At the end of the simulations, we form a binary consisting of M 1 and M 2 (see Table 2 for all the outcomes). The unbound material M unb is at least 99.8% of the initial envelope. A few, usually less than 10, SPH gas particles remain bound to the newly formed binary, been bound to either the newly formed WD, or the old WD. This explains why M 1 can be slightly larger than M c,1 , and similarly why M 2 can exceed slightly 0.36M ⊙ . There is no circumbinary envelope left in all simulations with the TEOS. In all our simulations, the final mass ratio q ranges between 0.88 − 0.90, consistent with the observational error for WD 1101+364.
Energies. The total energy at the end of the simulation is distributed in the "binding" energy of the gas bound to the binary, E bound , the final orbital energy of the binary, E orb,fin , and the total energy of the unbound material at infinity, E ∞ tot,unb :
We have compared the initial and the final total energies and found that the error is less than 0.11% in all our simulations. E ∞ tot,unb is composed of E ∞ kin,unb , E ∞ int,unb , E ∞ pot,unb -the kinetic, internal and potential energies of the unbound material, respectively. We note that E ∞ kin,unb is the dominant energy in the unbound material, though the internal energy of the unbound material at the end of the simulations is also non-negligible (see Table 2 ).
We present E bound for completeness, but the fate -accretion or ejection -of the several particles that remain bound to the binary can not be resolved by the numerical method we use; on the 
, and E ∞ tot,unb are kinetic, internal, potential and total energies, respectively, for the unbound material. E orb,fin is the orbital energy after the CEE. E bound is the total energy of the particles that remained bound to the binary. E tot,fin is the total energy of all the particles. All energies are in 10 46 erg. timescale of our simulation they stay in an orbit within the RL of their stars. This energy includes the kinetic, internal, potential and recombination energies for these several SPH gas.
We should clarify that E orb,fin does not have to match with the two-body approximation, namely
In the latter, the potential assumes a form φ ∝ 1/r, while our code includes the softened form as described in the appendix of Hernquist & Katz (1989) . When the separation between the two SPH special particles is more than two smoothing lengths, the potential reduces to the Keplerian form. However, this separation is less than two smoothing lengths for the point particles after the CEE, and the potential is softened accordingly. The difference in orbital energy between the two methods varies from about 3% (for 1.0RG0N) to 14% (for 1.8RG2N), with the Keplerian values being closer to zero. The initial orbital energy, given by Equation 4, is the same as in the two-body approximation.
Because energy is well conserved, we can equate Equations 6 and 10. For that, we also use Equations 1, 5, and 7. If we neglect E bound , we can re-write the conservation of energy in fractions of the change in the orbital energy:
We find that this is indeed the case in our simulations (see Table 3 ), and that the deviation from 1 is due to E bound : the maximum deviation occurs in 1.0RG0N (∼ 7.8%) and the minimum in 1.4RG2N (∼ 0.03%). Note that if α rec = α ∞ unb = 0, the previous equation reduces to the standard energy formalism. However, values of both α rec and α ∞ unb are non-negligible and comparable to α bind . We emphasize that previously it had been anticipated only that α bind is somewhat less than 1, and we provide new improved constraints. Unfortunately, this is not yet a final solution of the problem as α ∞ unb can not be easily predicted for any system-a subject of our future studies.
Orbital angular momenta. We find that the ejected material takes away more than 90% of the initial angular momentum of the binary. Values of γ vary between 1.42 and 1.87. This large range of values unfortunately does not allow the obtained values of γ to be useful for predicting the final parameters in a population synthesis for all possible DWD systems (for details, see Ivanova et al. 2013) .
Final orbital parameters. We find the final orbital separation as a orb,fin = (r a + r p )/2, where r p is the periastron, and r a is to compare alike cases, we show only the η = 2 cases with our standard resolution. Different η's give similar outcomes (see Table 3 ). the apastron. We ensure that these two quantities, r p and r a , do not change with time at the moment when we extract them from the simulations. We calculate the final orbital period P orb,fin of the binary from Kepler's third law and the eccentricity of the post-CE orbit as e = (r a − r p )/(2a orb,fin ). The latter is small in all the models, showing that post-CE orbits are almost circular (in previous studies, where the ejection of the CE was incomplete, the final eccentricity was larger, 0.08 or more, e.g. Ricker & Taam 2012) . Figure 2 shows the final orbital periods plotted versus initial RG. We see that, as expected, the more massive the star is, the tighter the orbit gets. We find also that the final orbital period for the non-synchronized and synchronized cases are very similar (for the final state of the binary system, the only change due to syncronization was observed for the final eccentricity, albeit final eccentricity The orbital angular momentum J orb,ini and J orb,fin for the initial and final binary, respectively, in units of 10 52 g cm 2 s −1 . The parameter γ is defined in Eq. 9. The closest and farthest orbital separations are r p and r a , respectively, while a orb,fin is the semimajor axis (all in R ⊙ ). The orbital period P orb,fin is given in days, and e is the eccentricity of the orbit. The energy fractions α bind , α rec , and α ∞ unb are defined in Eq. 1, Eq. 5, and Eq. 7, respectively.
is small in all the cases). We conclude that our best progenitor for WD 1101+364 is a 1.4 − 1.5M ⊙ RG.
CONCLUSIONS
To understand the energy budget during a CEE leading to a DWD formation, we perform non-and synchronized 3D hydrodynamic simulations with two EOSs. We confirm that taking into account recombination energy leads to a full ejection of the RG's envelope and the formation of a non-eccentric binary system, whilst if we do not take recombination energy into account, we obtain result similar to previous studies and only half of the RG's envelope is ejected. The most important consideration appears not to be the value of the available recombination energy, but where and when this energy is released. Indeed, ionized material forms the circumbinary envelope initially. Recombination then takes places there, while the circumbinary envelope continues to expand. This results in the ejection of the circumbinary envelope and effectively of all the common envelope material. If instead the recombination energy had been released too early, the simulations would have ended up with unexpelled circumbinary envelope as in previous studies. In addition, we find that considering a complete synchronization versus non-synchronized case does not change noticeably the final results. We introduce a modification of the standard energy formalism (Webbink 1984; Livio & Soker 1988) , with the parameters describing the use of the recombination energy and the unbound material energy. The first one can be found from initial stellar models, but the latter requires 3D simulations. For our set of models, α ∞ unb has values from about 0.2 to about 0.44. However to generalize the result and make it useful for population synthesis one needs to make a thorough parameter study; this is the subject of our future studies.
As expected, we find that the more massive the parent RG star is, the tighter the final orbit gets. We do not find that the initial synchronization affects the final period but instead only changes the energy and angular momentum carried away by the ejecta, presumably shaping the post-CE nebula. We also find that our binaries end up with an eccentricity smaller than 0.04-a result that has been expected theoretically but not yet produced in simulations.
We applied our method to the case of WD 1101+364, a wellknown DWD (see Marsh 1995) . We inferred that its progenitor binary could have been composed of a 1.4−1.5M ⊙ RG and a 0.36M ⊙ WD companion, with P orb,ini ≈ 31 − 33 days. 
